↑What is "already known" in this topic: Dyslexic children have abnormal eye movements during reading, and oculomotor tests are well known tools for examining eye movements in this population.
Introduction
Reading is one of the important activities of daily life, which requires precise coordination of both lower level oculomotor processes (version, accommodation, and vergence) and higher-level non-oculomotor processes (e.g., attention, language, cognition, and memory) (1) . Dyslexia is a specific developmental disorder in fluent reading acquisition, reading comprehension, and spelling skills that is not a direct consequence of distribution in total intelligence, specific neurologic disorders, uncorrected visual or auditory problems, psychological problems, or academic difficulties. Dyslexia affects at least 5% of school age children and is more prevalent in boys than in girls (2) . This disorder has a neurological basis, moreover, genetic factors also affect ability to read and spell (2) . Based on the onset of the disorder, dyslexia is divided into 2 types: developmental dyslexia, and acquired dyslexia. In developmental dyslexia, phonological disorder is inherited in the cortex (3) . Acquired dyslexia is caused by trauma or injury to the part of the brain that controls reading and writing skills, and at older ages, the disorder can be caused by a tumor or stroke (4) .
The precise etiology of dyslexia is unknown. Although one of the most accepted theories about the causes of dyslexia suggests that the main defect is in phonological 2 awareness and poor phonological encoding, butother theories are still open for discussion. For example, there is persuasive evidence of visual and oculomotor abnormalities in dyslexia (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) .The prevailing but also controversial theory in this context is the Magnocellular-Dorsal (M-D) theory (7) (8) (9) (10) . The visual magnocellular system plays an important role in guiding attention, avoiding dark and faded images, and fixing eyes on the target, and it is responsible for timing visual events during reading (12) . Some studies have declared that visual magnocellular system of the lateral geniculate nucleus is immature in dyslexia and appears as impaired eye movement patterns and word recognition (13, 14) . Oculomotor impairment in dyslexia causes high-level attentional aspects to be allocated to basic oculomotor activities during reading (such as an alternate focus on words) and reduces the ability of the individual in understanding words (1) . In short, the old dominant view, which tries to describe dyslexia as a result of a single cause, is still controversial, and it is apparent that dyslexia is a highly complex disorder that is better described using a multifactorial and probabilistic model (15) .
Auditory, phonological, and linguistic treatments that are often being used for treatment of dyslexia, affect high levels of the nervous system and postlexical pathways (27) (28) (29) (30) .However, recent studies have shown that brainstem dysfunction may cause reading problems (31) (32) (33) (34) (35) .
Therefore, to assess online reading processes and evaluate and improve the performance of lower levels of the cortex in the brain stem, it seems that eye movements recording during reading and oculomotor rehabilitation are valuable procedures (36) (37) (38) . There are several studies on the recording of eye movements to diagnose dyslexia disorders (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . However, in the treatment area of dyslexia using oculomotor rehabilitation, there are few studies that have evaluated its effect on individuals with acquired dyslexia (1, 14, (39) (40) (41) (42) .There are no studies that directly address the effectiveness of oculomotor rehabilitation in developmental dyslexia. Therefore, the present study aimed at evaluating the impact of oculomotor rehabilitation on improving eye movements in children with dyslexia. In this study, it was assumed that stimulus presentation as searching and tracking an object via oculomotor rehabilitation can improve visual tracking and visual attention, which are both impaired in individuals with learning disorder, especially in dyslexia.
Methods
The study protocol required a consecutive 11-week commitment by the dyslexic group. Figure 1 displays the flowchart of the study design. In general, we conducted this study in 2 phases. In the first phase, we aimed at finding the oculomotor response difference between the dyslexic and non-dyslexic children. Therefore, we used ocu- 3 lomotor tests to find these differences. In the second phase, we used oculomotor rehabilitation intervention to treat a subgroup of dyslexic children. In this phase, oculomotor tests were again taken from the 2 groups to analyze the effectiveness of the intervention. Participants: A total of 50children aged 8 to 12 years, including 20 non-dyslexic children (mean age: 9.55±0.94 years; 6 females and 14 males) and 30 children with developmental dyslexia (mean age 9.1±1.24 years; 6 females and 24 males) participated in this study. The number of males was 3 times more than that of the females (76% vs. 24%), this ratio remained approximately the same after distribution of the population into 3 groups. We apportioned dyslexic children into two 15-member groups: (1) dyslexic children with rehabilitation intervention (case group; mean age 8.94±1.03 years; 4 females and 11 males), and (2) dyslexic children without rehabilitation intervention (control group; mean age 9.27±1.44 years; 2 females and 13 males). Participants were selected based on inclusion and exclusion criteria ( Table 1 ). The sample size was calculated, with the power of 80% and type I error of 5% (α = 0.05), based on the following formula:
and according to the results of the pilot study and literature review. In the pilot study, eye movements were recorded in 5 dyslexic and 5 non-dyslexic children. Then, the mean and standard deviation values of the 2 oculomotor tests including saccades and tracking were calculated, and the highest standard deviation was placed in the formula. After calculations by expert statisticians, the numbers of 20 persons in the healthy group and 30 in the dyslexiagroup were obtained. We selected dyslexic children from 3 specific schools for learning disability children. Dyslexic children were diagnosed based on DSM-V criteria and according to experts' opinion at centers of learning disabilities. The specialized team, who diagnosed dyslexic children in these centers, included a psychiatrist, a clinical psychologist, a health psychologist, one exceptional children psychologist, one educational psychologist, a cognitive psychologist, and a counselor and psychologist for children with special needs. Mistakes of dyslexic children based on DSM-V are usually characterized by such symptoms as deletion, addition, or reversal of the words. All children enrolled in the study had an intelligence quotient of >80 on the standard IQ tests recorded in their health files. Non-dyslexic children were selected from elementary students in traditional schools in Tehran. Both groups of dyslexic and non-dyslexic children were selected from the same areas in Tehran (municipal zone 3 of Tehran), so that the children did not differ significantly in cultural, educational, and economic characteristics. In addition, in the demographic questionnaires that were completed by parents, we asked about their income and education level. Random sampling method was used to select a sample of each group. The sample was selected randomly by referring to learning disabilities centers and elementary schools in Tehran. This study was approved by the Ethics Committee of Iran University of Medical Sciences (code number: IR.IUMS.REC.1394.9211303210).
Study design
Evaluative procedures: To begin the study process, we explained the process and duration of the study to the parents and obtained their written consent. Case history and basic auditory assessment (including audiometry and tympanometry tests) were performed to ensure the health of the middle ear and hearing sensitivity. Eye movements were evaluated by oculomotor tests (including gaze, tracking, saccades, and optokinetic tests) and spontaneous nystagmus test in both dyslexic and non-dyslexic children. Oculomotor test was used to evaluate the central vestibular pathway. These tests were taken using the videonystagmography (VNG) instrument (Interacoustics VO425-2D-VOGfw model). In oculomotor test, a binocular infrared goggle was used to record eye movements. Dyslexic children were randomly divided into 2 equal case and control groups (n= 15 in each group). We provided oculomotor rehabilitation exercises to the case group in addition to constant conventional treatment, which was given in the learning disorders center; the control group did not receive oculomotor rehabilitation intervention. At the end of oculomotor rehabilitation, oculomotor tests were again taken from both groups of dyslexic and non-dyslexic children to compare the results of the tests; and finally, the impact of rehabili- Table 1 . Inclusion and exclusion criteria for study participants 4 tation on improving the oculomotor skills was evaluated by appropriate statistical tests.
Quantitative variables of this study were tracking gain (in percent), optokinetic gain (in percent), saccade latency (milliseconds), saccade velocity (degrees per second), and saccade accuracy (in percent). Qualitative variables were presence or absence of spontaneous nystagmus and gaze nystagmus and symmetry/ dissymmetry of tracking and optokinetic responses. More details of oculomotor tests are presented in Table 2 . Tracking gain refers to the speed of eye movements relative to the speed of the moving target; tracking symmetry means symmetry of response between eyes; and saccade latency defines the distance between the creation of target and the start of responding. The speed of eye movements during a saccade is defined as saccade velocity; saccade accuracy means the precision of eye movements during a saccade for placement of target on the retina; optokinetic gain means the maximum speed of eye movement divided by the speed of moving targets; and finally, optokinetic symmetry means symmetry of response between eyes (43).
Treatment protocol: In the present study, due to lack of oculomotor norm data for children, oculomotor results in non-dyslexic children were considered as a measure for the diagnosis of poor responses in dyslexic group. Dyslexic children with poor response in one or both tests of saccades and tracking compared to non-dyslexic children were recognized and entered at the second stage of the study. Then, half of them, as a case group, received 16 one-hour sessions of individually monitored oculomotor rehabilitation over 2 months. Oculomotor rehabilitation includes accommodative exercises focused on gaze (or fixation), saccade, and tracking training (44, 45) . Duration of intervention was derived from similar studies (44, 45) . The control group continued onto conventional therapy at the learning disabilities center based on their previous treatment protocol. Rehabilitation exercises were designed and approved by experts in the field of balance in audiology groups. A brochure of the same exercises was designed for the parents and was taught to them and to the children to continue rehabilitation exercises at home, in addition to clinic exercises. Parents were told that homework had to be done 3 times a day for 15 minutes each time.
In saccade training, the child should sit in a comfortable position and put a card (or an image) in each hand at a distance of 45 cm in front of her/his eyes. Then, while keeping her/his head constant, eyes should be quickly moved from one card to another without stopping between cards. The child should be taught to move only her/his eyes. As the training progresses, the child is asked to concentrate on small components of cards (46) .
In tracking training, the child should keep a small card in front of his/her eyes at a distance of 30 cm (a few words are written on cards), then, slowly move the card in the horizontal direction to the right and left and back to the center. During exercise, the child's head should be constant and only follow the card with the eyes. She/he should repeat this motion in the vertical and diagonal directions. To continue, the child is asked to move the arms fast and faster until he/she fails to read the words. The child should be repeating these exercises 15 to 20 times in horizontal, vertical, and diagonal directions (46) .
In fixation training, the child should be sitting in a comfortable position (preferably on a chair), and she/he should consider 3 target points (for example, a clock, a picture, and a lamp) at the same level of her/his eyes. One of the target points should be placed on the top of the left shoulder, another in the front, and the other should be located on her/his right shoulder. The child should move the head to the left, center, and right targets, and then, should rotate the head 10 to 15 times without stopping on the targets. After finishing this step, the child should repeat the process again, focusing and stopping on the target for a few moments (46) .
In the treatment phase, we provided a combination of repeated stimulation, horizontal, and vertical change of target position. We also increased the difficulty level of the target (for example, reducing the size of the stimulus), significantly increased attentional demand, and provided visual and verbal feedback. With the active participation of children in the study and their high motivation to do the tasks during the 8-week training course, the effect of rehabilitation was increased.
Statistical methods: Kolmogorov-Smirnov (K-S) test was used to evaluate the distribution of data. K-S test showed that the distribution of data across all variables was normal except the saccade velocity 
Results

Comparison of oculomotor results between dyslexic and non-dyslexic children
Basic assessments of the 2 dyslexic and non-dyslexic children by oculomotor tests revealed very large differences between the 2 groups on these tests. Results are demonstrated in Table 3 . Our basic findings showed that latency and velocity of saccade were more in dyslexic children and the accuracy of saccade was less than non-dyslexic children, indicating hypermetric eye movements in dyslexic children, so that the image of the target was faded and dark and was not complete on the retina. In addition, in tracking and optokinetic test, gain of response in dyslexic children was less than that of nondyslexic children, moreover, responses between the left and right eyes were asymmetric. Therefore, the child was not able to pursue the target correctly. Analysis of the average differences of these parameters showed significant differences between dyslexic and non-dyslexic children in all oculomotor tests (p<0.001).
Furthermore, the analysis of oculomotor results between the 3 groups (healthy, case, and control) showed significant differences in some of the oculomotor tests, but not in some others. We found significant differences in tracking gain (p<0.001), saccade latency (p<0.001), saccade accuracy (p<0.001), and optokinetic gain (p = 0.050) variables, but no significant differences were observed in the saccade velocity variable. Table 4 demonstrates the oculomotor results between the 3 groups.
Evaluation of the effects of oculomotor rehabilitation therapy on recovery of eye movements in dyslexic children: Within-and between-group analyses
In this stage, after completion of rehabilitation exercises, case and control groups were retested by oculomotor tests. Figure 2 shows the comparison of the means in preand post-intervention stages within each group. Results of within group analysis revealed a significant difference between all oculomotor variables (p<0.001) in the case group, except for optokinetic gain (p= 0.501) and saccade velocity (p= 0.161). In this group, the average of saccade accuracy increased from 70.62% to 90.92%, and saccade latency decreased from 269.93 ms to 206.13 ms and fell in the normal range. Also, the mean of tracking gain increased from 72.34% to 84.03%, and catch-up saccades decreased and reached to near those of the nondyslexic children.
There was no significant difference among oculomotor variables, and the values of all variables were almost the same in the control group (p>0.05). Between-group analyses were also performed. Results revealed no significant difference between case and control groups in any of the oculomotor variables before the intervention (p>0.05). However, after the intervention, a significant difference was observed between the 2 groups in all oculomotor variables (p<0.001), except for optokinetic gain (p= 0.591).
The results of repeated measures test showed that had a significant effect on the tracking gain, and its effect was high (p<0.001, partial η2= 0.99, power= 1). The same effect was observed in saccade latency (p<0.001, partial η2 = 0.25, power = 0.8) and saccade accuracy (p<0.001, partial η2=0.53, power=1), but oculomotor rehabilitation did not have any effect in saccade velocity (p= 0.112, partial η2= 0.08, power= 0.3), optokinetic gain (p= 0.513, partial η2= 0.01, power= 0.09), and oculomotor intervention. 
Comparison of qualitative variables of oculomotor tests in the pre-and post-interventionstages
In this section, qualitative variables were compared in the study population in 2 stages (before and after the intervention). In the spontaneous nystagmus test, 22 children out of 50 had a normal response and 28 had an abnormal response. Repeating the test after the intervention showed that only 12 individuals from 28 patients still had spontaneous nystagmus; however, spontaneous nystagmus was not observed in 16 children after the intervention. Analysis of results by McNemar test showed that this effect (improvement of spontaneous nystagmus by intervention) was significant (p<0.001). Also, in the Gaze test, we found that 25 children had gaze nystagmus, which was corrected in 13 children and they were moved to the healthy group; and finally, 38 children had a normal response at the end of the intervention. In this study, 8 and 15 of 50 children had asymmetric tracking and optokinetic response, respectively. After the intervention, 7 and 14 children had more symmetric tracking and optokinetic response compared to before the intervention, respectively. Comparison of the results before and after the intervention showed the significant effect of the oculomotor intervention on the gaze nystagmus (p<0.001), symmetry of optokinetic response (p<0.001), and symmetry of tracking response (p<0.001).
Discussion
The results revealed that the oculomotor rehabilitation program improved most of eye movements in children with dyslexia, except for optokinetic response. Before the intervention, parents of dyslexic children complained of reading and visual search problems of their children and reported that reading had become a very difficult and frustrating activity for their children. These reports were in agreement with behavioral evaluation as well as eye movements recording, so that all dyslexic children showed significant disruption in the pattern of eye movements. After the intervention, parents described children's reading to be much quicker, more fluent, and less effortful than the pre-intervention stage, syllables and words were omitted rarely and few mistakes were seen in reading. The subjective reports of parents were in close agreement with the treatment effects that were confirmed with objective findings of oculomotor tests, so that patterns of eye movement in all dyslexic children in the case group were improved. In this study, the role of visual attention in improving eye movements was not evaluated objectively, and only subjective reports of parents on the improvement of reading and visual attention of dyslexic children were reported. There are many similar studies in this area showing that individuals with both developmental (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) and acquired dyslexia (14, (16) (17) (18) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) have abnormal eye movements during reading.
Oculomotor deficits in dyslexic children could be due to immaturity of visual attentional strategies that leads to reduction in visual attentional span and reduction in visual information processing simultaneously. Bosse et al (57) found similar results, and some others have also confirmed these results (16) (17) (18) . In addition, poor visual system in dyslexia was suggested for many years (57) (58) (59) (60) . In this regard, poor binocular coordination during prolonged fixations (61) , visual confusion during reading (62) , and poor eye alignment during fixation have been reported (8) . Also, Iles et al. reported impairment in visual search with a motion deficit in dyslexic adults, which confirms the Magnocellular hypothesis of dyslexia (63) .
Results of the present study showed a dysfunction in the brainstem level and vestibular nuclei (The region involved in developing oculomotor responses.) in children with dyslexia, and this deficit causes bottom-up problems in children's reading ability. On the other hand, with respect to the role of top-down processes, it seems that visual attention processes have been involved in this as well. Overall, the findings suggest that perhaps both bottom-up and top-down processes are involved in the incidence of dyslexia disorders (16) (17) (18) .
Although there have been reports of eye movements improvement following oculomotor training in people with acquired dyslexia (15) (16) (17) (18) (19) , studies addressing children with developmental dyslexia are scarce. The findings of Schuett research, in line with findings of this study, showed that oculomotor rehabilitation intervention had positive effects in patients with mild traumatic brain injury (mTBI), who were suffering from oculomotor impairment and reading disabilities. In their study, treatment effects were characterized by an increase in reading speed and normalization of eye movements' pattern. They found that patients made fewer fixations with shorter duration after the intervention; they also indicated that saccadic amplitude increased and the number of forward saccades decreased. In addition, after treatment, patients were able to extract the same amount of text information using efficient oculomotor strategy and consuming less energy (14) . A study by Burkhart Fischer et al. also demonstrated that daily practice of visual orientation detection tasks in fixation or saccade and/or distracter condition not only improves attention capacity but also improves saccadic behavior in the dyslexic children. Also, about a third of children showed improvement in reading ability, and some of them represented an immediate and significant improvement in handwriting, which was reported by parents or teachers (64) . Similar results were obtained in studies by Galaburda and Eden (65, 66) .
Similarly, in a study by Thiagarajan, following oculomotor rehabilitation therapy (OMT) in patients with mTBI, less effort was made to read, and marked increase in visual attention and reading speed was also observed (1). These findings suggest that following oculomotor rehabilitation therapy, general attention is assigned to the comprehension of text rather than engaging in low-level aspects of oculomotor control. Furthermore, oculomotor remediation per se is a part of the attentional training, and the results showed that visual attention was increased when using associated cognitive demands (e.g., continuous attention to target) along with visual feedback, which involves perceptual learning in the training process. These results generally represent the role of visual attention in oculomotor maturity and the deep relationship of visual attention and visual memory with cognitive strategies in the reading process. These findings were also demonstrated in studies by Ciuffreda et al. (2006) and Neera Kapoor (2004) in patients with mTBI. They observed that the implementation of eye movements training and stimulation of reading led to marked improvement in the patients' attention in many environmental conditions (1, 41) . Furthermore, an fMRI study of Corbetta et al. supported this assumption that attention and oculomotor processes are deeply integrated at the high neural level (67) . In another study, Culham, Cavanagh, and Kanwisher have observed the obvious activation of attentional response in the parietal regions, particularly the left superior parietal area and its deficiency in dyslexics, which reflects the relationship between oculomotor performance and reading fluency (68, 69) . In addition, Iles et al. reported that Magnocellular deficits that involve the parietal cortex could also be related to visual attention skills in dyslexic children.
Improvement of eye movements and reading ability in dyslexic children cannot be attributed to spontaneous recovery of the visual field or spontaneous adaptation of the oculomotor system because none of the dyslexic children in the control group (without intervention) represented an obvious change in oculomotor response during retesting. Improvement of oculomotor responses was observed only in the case group (with intervention) after the intervention. Therefore, long-term improvement with stability in reading (at least for a period of 12 weeks) can be attributed to systematic effects of oculomotor exercises, so that the oculomotor rehabilitation facilitates oculomotor adaptation, decreases word identification impairment, and improves oculomotor control during the text processing. Furthermore, dyslexia does not improve with any type of voluntary eye movements and any kind of visual material, but it requires precise and systematic eye movements training to strengthen the eye muscles. This has been shown in studies that have evaluated the effects of pure oculomotor exercises on reading performance in pa- (1) .
Although the present investigation was relatively comprehensive, there were some study limitations: First, follow-up was not performed. Follow-up duration should be at least 6 months to investigate the long-term effects of rehabilitation. Second, we used diagnosed dyslexic children and did not use a reading test to diagnose dyslexia; moreover, we did not categorize dyslexic children based on severity of disorder. Third, we did not compare the case and control groups with the healthy group at the end of study. However, the main purpose of this was to analyze the impact of rehabilitation intervention on reading ability. Lastly, children with weakness in academic achievement might have shown reading problems as well, but we did not control this factor. However, for ethical considerations, brochures of rehabilitation exercises were awarded to parents of dyslexic children in the control group, who did not receive oculomotor rehabilitation, to do the exercises at home after completion of study.
Conclusion
Although the neurobiological and theoretical aspects of dyslexia and its treatment are still unknown, analyzing eye movements in dyslexic children showed oculomotor deficits in these children; moreover, it indicated that daily exercises of eye movements improve basic (but not sufficient) visual mechanisms and lead to fluent reading. Moreover, the findings supported the notion that perhaps a link exists among visual attention, oculomotor readiness, and reading comprehension. Furthermore, the findings indicated that oculomotor rehabilitation, along with specific visual attention and reading training, can be useful tools to improve the range of visual attention and oculomotor skills in children with dyslexia. However, further research is needed to understand the relationship between visual attention and oculomotor deficits in dyslexic children.
